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Summary
Characterization of associations between polymorphic
sites located throughout the ∼200–400-kb variable-
length region spanning RNU2–BRCA1 reveals nearly
complete linkage disequilibrium. This segment spans the
RNU2 array, which includes 6–30 tandem copies of the
U2 snRNA gene, and an adjacent region containing
NBR1, the LBRCA1 pseudogene, NBR2, and BRCA1 in
a tandemly duplicated structure. A series of biallelic
polymorphisms define two common haplotypes that do
not vary significantly, in structure or frequency, between
populations of primarily European ( ) or Asiann  275
( ) ancestry. Lower-frequency variants occurringn  34
at distantly located sites within this region also show
very strong associations. The rarer haplotype classes ap-
pear to be distinguished by mutational alteration and
are not recombination products of the two major classes.
The two major haplotypes also exhibit significantly dif-
ferent allele-length distributions for local simple tandem-
repeat markers. The conservation of extensive distinct
chromosomal haplotypes during a long period of human
population expansion and divergence indicates that se-
lective forces or specific chromosomal mechanisms result
in effective recombination suppression. The extreme de-
gree of long-range linkage disequilibrium at this locus
may be exceeded only by that reported for the human
MHC locus, where allele-specific functional interactions
are believed to be significant. These findings have im-
plications for the estimation of the time of origin of
BRCA1 mutations having a founder effect, the interpre-
tation of the significance of rare allelic variants, and the
study of the origins of modern populations.
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Introduction
Factors governing the frequency and location of recom-
bination events on the chromosomes of higher eukary-
otes are not well understood. In humans, differences in
male versus female rates in pericentromeric, telomeric,
or subtelomeric regions (Fain et al. 1989; Buetow et al.
1991; Blouin et al. 1995) imply the existence of global
governing mechanisms. More-localized variation, in-
cluding “hot” and “cold” spots located at the human
MHC locus (Klitz et al. 1995; Cullen et al. 1997; Mal-
froy et al. 1997) and other genomic regions (Chakravarti
et al. 1984), suggest the existence of localized structures
or functional elements that affect crossover occurrence
or product viability by means similar to those demon-
strated in lower eukaryotes, as reviewed by Lichten and
Goldman (1995). More highly detailed maps of human
chromosomes are now providing the opportunity to
make precise comparisons of genetically and physically
defined distances, revealing the overall patterns of var-
iation in their correspondence. The recent completion of
a high-resolution X-chromosome physical map revealed
a large chromosomal segment with a below-average rate
of recombination (Nagaraja et al. 1997).
The chromosome 17q region containing BRCA1 has
been characterized extensively. Physical maps are derived
from cosmid, YAC, P1, and BAC clones (Albertsen et
al. 1994; Neuhausen et al. 1994; Couch et al. 1995), as
well as from pulsed-field gel electrophoresis (Jones et al.
1994) and full-sequence analysis (Smith et al. 1996).
Numerous simple tandem-repeat (STR) and base-pair
polymorphisms (Couch et al. 1996) are known to exist
throughout the region. More-recent studies have de-
tected the tandem genomic duplication that includes the
promoter and 5′ portion of BRCA1 (Barker et al. 1996b;
Brown et al. 1996) and have elucidated the structure of
theNBR2 gene, which is transcribed from a bidirectional
promoter shared with BRCA1 (Xu et al. 1997a, 1997b).
The NBR1 gene is located head-to-head with the
LBRCA1 pseudogene, separated by the promoter region
paralogous to that between NBR2 and BRCA1.
The RNU2 array, lying downstream from the NBR1
gene, has also been well characterized and contains a
variable number, from 6 to 130, of tandem 6-kb ele-
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ments, each of which includes a transcribed copy of the
U2 snRNA. There is a high degree of sequence homo-
geneity for elements within a single array, even at sites
that have been demonstrated to be polymorphic in the
population (Liao et al. 1997). The mechanism for main-
taining array homogeneity operates in situ, because the
cytogenetic location of the RNU2 array has remained
stable during primate evolution whereas the tandem el-
ements have undergone extensive remodeling (Pavelitz
et al. 1995). The basis of the array-homogenizing mech-
anism is not understood, but it is thought to involve
some form of controlled recombination.
Previous studies of linkage disequilibrium in this por-
tion of chromosome 17 have revealed strong associa-
tions between sites located within BRCA1 exon 11 (Du-
rocher et al. 1996; Dunning et al. 1997), as well as
between sites located at opposite ends of the RNU2 ar-
ray (Liao et al. 1997) and within the EDH17B2 gene
(Normand et al. 1993). The data described herein dem-
onstrate that a strong, nearly absolute, association be-
tween polymorphic sites extends throughout a genomic
region that contains the human RNU2 array and the
NBR1, NBR2, and BRCA1 genes but that does not in-
clude EDH17B2.
Biallelic sites at positions spanning RNU2–BRCA1
were genotyped in 275 members of a primarily European
population and in 34 Asians, revealing two common
haplotype patterns that have been conserved since the
divergence of these groups ∼100,000 years ago (1 4,000
generations). Subsequent characterization of the STR al-
lele patterns in a subset of individuals homozygous for
the common biallelic haplotypes revealed evidence for
founder alleles specific to each haplotype. For the most
part it appears that the two major haplotypes “diverged”
at some point in human evolution and that there is no
evident means for the exchange of accumulated genetic
variation from one to the other. This, along with the
apparent similar divergence of the rarer haplotypes, in-
dicates effective suppression of recombination within
this region. These findings imply that the significance of
haplotype sharing by carriers of specific BRCA1 mu-
tations will require reevaluation, as will the ages of
BRCA1 mutations with founder effects. This region may
also prove to be of great value for the characterization
of human population dispersion. Since the DNA seg-
ments that are behaving as meiotic alleles are all 200
kb in length, there is a vast potential for distinctive DNA
structural variation, some of which may serve for mo-
lecular timekeeping.
Subjects and Methods
Population Samples
A control group of unrelated individuals, unselected
for any disease phenotype, including primarily residents
of the United States who are of European ancestry has
been described by Barker et al. (1996a). Samples of DNA
purified from blood were used for genotyping a subset
comprising 285 subjects. Asian control sample popu-
lations were made up primarily of native-born Chinese
and Japanese individuals who are either students at the
University of Utah or local residents. Buccal cells col-
lected with rayon swabs were extracted as described by
Balnaves et al. (1990) or with use of a Puregene kit
(Gentra Systems). The studies reported here are insti-
tutional-review-board approved, with the provision that
no individual identifiers are retained.
Haplotype Inferences and Disequilibrium Calculations
Allele-specific oligonucleotide (ASO) hybridization
was used for genotyping (Barker et al. 1996a). Partial
data from 10 individuals with a poor DNA sample qual-
ity were disregarded. In 12 instances in which ASO re-
sulted in weak or ambiguous hybridization signals for
individuals with otherwise complete data, PCR products
were sequenced directly.
Biallelic sites with frequencies (f) close to .66 and .34
are referred to here as “common.” All these sites are in
Hardy-Weinberg equilibrium, in both Asian and U.S./
European samples, on the basis of x2 evaluation. Thus,
the high frequency of individuals homozygous for all the
13 common markers tested—117/275 for the .66-fre-
quency alleles and 32/275 for the .34-frequency al-
leles—allowed the inference that only two haplotypes
account for ∼98% of the chromosomes present in the
U.S./European group. One of these haplotypes consists
entirely of the .66-frequency allele at each site; the sec-
ond bears the .34-frequency allele at each site. For those
individual samples that were not evidently homozygous
or heterozygous for the common marker-haplotype pat-
terns, inference of the haplotypes was made on the as-
sumption that the observed allele pattern represented the
combination of one of the common haplotypes with a
second novel haplotype.
For other dimorphic markers, with one allele with a
frequency .07, we inferred a unique association of the
less-frequent allele with one of the two common marker
haplotypes, by examining individuals with the rare allele
who were also homozygous for a common marker hap-
lotype. The strong associations found between distantly
located sites with the same rare-allele frequency, as well
as the failure to observe any instance of the rare allele
in a homozygote for the alternate common haplotype,
strongly supported the conclusion that each rare site was
exclusively associated with one of the two common hap-
lotypes. We interpreted two individuals who were found
to carry rare alleles that are not apparently associated
with each other, by introducing the fewest number (one)
of additional new haplotypes necessary to explain the
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observation. These interpretations represent the most
parsimonious inferences from the genotypes of unrelated
individuals. Because they have not been confirmed by
inheritance studies, the precise features of very rare or
unique haplotype patterns are tentative, although this
uncertainty has little effect on overall data evaluation.
Using haplotype inferences, we calculated the dis-
equilibrium measure D for any pair of biallelic loci, as
, where P11 is the frequency of theD  P11 p1q1
most common haplotype of two loci and p1 and q1 are
the frequencies of the alleles present on that haplotype
(Lewontin and Kojima 1960). The correlation coefficient
is calculated as , where r denotes cor-
1
2r  D/(p1q1p2q2)
relation and p and q are the frequencies of each allele
at the two loci (Hill and Robertson 1968). As an alter-
nate approach, the estimation-maximization algorithm
described by Weir (1990) was implemented in an EXCEL
file format. Each pair of sites was analyzed. We selected
appropriate initial values for the iterative calculation
method using counts of explicitly known haplotypes
from homozygous individuals. The calculated values
confirmed those obtained with haplotypes inferred by
inspection.
STR and RFLP Analysis
We determined STR genotypes as described by Barker
and Fain (1993). The STR markers D17S1333,
D17S902, D17S1325, D17S1332, D17S1326,
D17S1327, D17S1323, D17S1322, D17S855, BRCA1
90565, D17S1328, D17S1340, D17S1321, D17S1146,
D17S1320, and D17S1185 have been reported else-
where (Weissenbach et al. 1992; Couch et al. 1994; Neu-
hausen et al. 1994; Bennett-Baker et al. 1996) and/or
are included in the Genome Database, except for BRCA
190565, for which the primers (5′ TAA GTT TGT GAC
TAC AGA GTG TTT 3′ and 5′ CCC TCT CTT CCC
TCA TCT A 3′) spanning the site of a GT repeat located
in the intergenic region between the 3′ end of BRCA1
and the RHO7 gene (Smith et al. 1996) were derived
from GenBank entry L78833. For D17S1332 (Bennett-
Baker et al. 1996), an alternate reverse primer (5′ CAG
AAG GCC GCA GTG AGG 3′) was used and PCR was
done with an annealing temperature of 67C for 26 cy-
cles. During this work, we noted that markers
D17S1146 and D17S1321 appeared to represent the
same locus, as indicated by similarity of allele patterns,
partial overlap of primer sequences, and successful am-
plification, from genomic clone templates, of appropri-
ately sized products with pairs D17S1146 F plus
D17S1321 F or D17S1146 R plus D17S1321 R. Site E
within theEDH17B2 gene was assayed byBfaI digestion
of PCR products spanning this site (Normand et al.
1993).
Results
Haplotypes of Biallelic Sites
Table 1 summarizes 19 polymorphisms examined in
this study. Eight of these were recently detected in our
laboratory, and details of methods used for their dis-
covery and characterization are described elsewhere. The
positions of sequence polymorphisms and STRs with
respect to the known gene structures in this region, in-
cluding the RNU2 array, NBR1, NBR2, and BRCA1,
are illustrated in figure 1.
Figure 2A summarizes haplotypes inferred from ge-
notypes of biallelic markers A–R in the U.S./European
group of 275 individuals, as well as in a separate group
of 34 Asians. Two major haplotypes of the 13 common
dimorphic sites were detected. The class I haplotype in-
cludes the more frequent allele at sites A, C, E–I, K, L,
N, O, Q, and R. The class II haplotype carries the al-
ternate allele at each of these sites. Of 550 chromosomes
in the U.S./European set, 353 are type I, ( ), andf  .64
183 are type II ( ). Only 14 chromosomes (f  .33 f 
) are not consistent with a type I or type II pattern..025
Eleven of these may be grouped with type I, and two
others with type II, because they are different at just one
or two of the common sites. One chromosome is unlike
type I and type II, at seven and six of the common sites,
respectively. This chromosome, labeled “type III,” rep-
resents an apparent interspersion of three segments that
are similar to type I and three segments similar to type
II (fig. 2A), a pattern that is not consistent with deri-
vation from the common types by a simple crossover
but that could represent an ancestral structure. The in-
dividual with this singular haplotype appeared to carry
a second chromosome with haplotype IIa.
The two major haplotype classes found in Europeans
are found at a very similar frequency in Asians (fig. 2A).
Because of sample limitations, fewer sites were tested for
the Asian group; however, these sites represent the full
length of the segment spanning RNU2–BRCA1. Among
the 34 Asians tested, 16 are homozygous for haplotype
I, 4 are homozygous for haplotype II, and 13 are type
I/II heterozygotes, closely matching expectations for
Hardy-Weinberg equilibrium. One II-like haplotype was
found, which is possibly similar to the IIb form found
in U.S./European subjects. The haplotype frequencies in
the Asian group are .66 for type I and .34 for type II
(or II like). Similar frequencies for individual common
sites within the BRCA1 locus have been reported for a
Japanese population, by Inoue et al. (1995).
Five additional biallelic sites with rare-allele frequen-
cies .07, detected in the U.S./European group, provide
further insight into the nature of haplotype diversity in
this region. All the variation in these low-frequency sites
was found on I or I-like chromosomes. A major hap-
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Table 1
Locations and Characteristics of Biallelic Sites Assayed
Site
Genbank Acces-
sion No. and
Location Gene A1 A2 f(1)a f(2) Reference
A None RNU2 (JL5) G C .65 .35 Pavelitz et. al. 1995; Liao et al.
1997
B X76952 3866-68 NBR1 AAA AAAA .99 .01 Liu and Barker, unpublished data
C X76952 2860 NBR1 A G .66 .34 Campbell et al. 1994
D U72483 1659 LBRCA1 A G .99 .01 Liu and Barker, unpublished data
E U72483 1723 LBRCA1 G A .66 .34 Liu and Barker, unpublished data
F U72483 2182 LBRCA1 G A .66 .34 Liu and Barker, unpublished data
G U37574 612 NBR2 C T .66 .34 Barker et al. 1996b
H U37574 873 NBR2 A G .65 .35 Liu and Barker, unpublished data
I U37574 980-982 NBR2 (AAC)1 (AAC)2 .66 .34 Barker et al. 1996b
J U37574 993 NBR2 A G .94 .06 Liu and Barker, unpublished data
K U37574 2642 BRCA1 A G .66 .34 Liu and Barker, unpublished data
L U37574 2743 BRCA1 T C .66 .34 Liu and Barker, unpublished data
M U14680 1186 BRCA1 A G .93 .07 Miki et al. 1994; Durocher et al.
1996
N U14680 2430 BRCA1 T C .66 .34 Friedman et al 1994
O U14680 2731 BRCA1 C T .65 .35 Miki et al. 1994; Dunning et al.
1997
P U14680 3238 BRCA1 G A .98 .02 Castilla et al. 1994; Durocher et
al 1996
Q U14680 4427 BRCA1 T C .67 .33 Miki et al. 1994
R U14680 4956 BRCA1 A G .66 .34 Miki et al. 1994
M27138 2019 EDH17B2 T () C (-) .47 .53 Normand et al. 1993
a Allele frequencies are for the 275 U.S./European individuals studied in this report, except for EDH17B2, for
which frequencies are as reported in the cited reference.
lotype subclass, Id, included substitution ArG at both
site J, within NBR2 intron 1, and at site M, within
BRCA1 exon 11. These sites (upward-pointing arrows
in fig. 2A) are separated by 31.5 kb (GenBank L78833;
Smith et al. 1996). Of 36 individuals with the rare G
allele at site M, 35 also carried it at site J, indicating
cooccurrence on these 35 chromosomes. Haplotype Ih
represents an additional example of strong association
between distantly located low-frequency variants. This
I-like chromosome carries the type I allele at 11 of the
13 common polymorphic sites. At sites H and O (fig.
1), one located within NBR2 intron 1 and another
within the 3′ portion of BRCA1 exon 11, Ih chromo-
somes carry the type II allele. Ih also includes very rare
variants that are located at site D, within the LBRCA1
region that is similar to BRCA1 exon 1a, and at site B,
located in the 3′ UTR of the NBR1 gene. In the Ih type,
a rare exception to the association between the common
sites is associated exclusively with rare alleles at sites
that are located 50–80 kb distant, as indicated by the
diamond-shaped markings in figure 2A.
A summary of the observed sequence relations be-
tween all the haplotypes in the U.S./European sample is
presented in figure 2B and represents one possible ev-
olutionary pathway. It is evident from figure 2 that mu-
tation, not recombination, is likely to be responsible for
the rarer haplotypes, since only haplotypes If and Ig
might have arisen by crossover between chromosomes
bearing the two major haplotypes. All other rare hap-
lotypes appear to represent the serial accumulation of
mutational difference, and the strong associations be-
tween distant rare sites appear to result from the oc-
currence of mutations at the same evolutionary branch
point.
Allele-Length Distributions of STR Markers in the
RNU2–BRCA1 Region
To determine whether STR marker alleles reflect a
similar haplotype specificity and to further define the
borders of the region of recombination suppression, we
investigated marker-allele patterns for 14 STRs and one
RFLP located in a broader region in the vicinity of
RNU2–BRCA1. For each marker, ∼30 individuals ho-
mozygous for haplotype I and a similar number ho-
mozygous for haplotype II were genotyped. Figure 3
summarizes the observed allele-length distributions in
each group. The patterns are consistent with the absence
of significant genetic interchange in a region including
the entire RNU2 locus and extending beyond the 3′ end
of BRCA1. Two markers located 300 kb beyond each
end of this region, D17S1333 and D17S1185 (fig. 1),
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Figure 1 Summary of physical map distances, gene locations, STR sites, and other polymorphisms in the vicinity of the RNU2–BRCA1
segment of chromosome 17. The indicated distances, as well as the nature and relative locations of other map structural features, are taken
from published information (Albertsen et al. 1994; Couch et al. 1994, 1995; Jones et al. 1994; Neuhausen et al. 1994, 1996; Pavelitz et al.
1995; Barker et al. 1996b; Bennett-Baker et al. 1996; Brown et al. 1996; Smith et al. 1996; Xu et al. 1997a). The relative positions of two
pairs of sites, D17S902/D17S1325 and D17S1185/EDH17B2, are uncertain.
show similar patterns of allele distribution in each tested
group. In contrast, all the STR markers located within
the more immediate vicinity of RNU2 and BRCA1 have
distinct allele length–frequency distributions for type I
and type II chromosomes. For the multicopy intra-
RNU2 marker D17S1332, as well as D17S1326,
D17S1327, D17S1322, and BRCA1 90565, the I- and
II-specific distributions have little or no overlap. For
D17S1327, nearly all I/I individuals are homozygous for
the same allele, and II/II individuals carry 10 different
frequent alleles, the smallest of which is 20 bp larger
than the allele present on most type I chromosomes. For
D17S1326, nearly all II/II individuals are homozygous,
whereas I/I individuals carry five different alleles, with
the smallest being 12 bp larger than the most common
II-associated allele (fig. 3). In these samples, the RNU2
tetranucleotide-repeat locus D171332 is concordant
with the biallelic marker pattern, with all type I chro-
mosomes carrying the larger tetranucleotide allele and
all type II chromosomes carrying the smaller allele. For
D17S1325, D17S1323, D17S855, and D17S1328, the
most common allele detected in I/I or II/II individuals is
either different in size (D1751325, D1751323, and
D175855), or is notably different in frequency
(D1751328), and there are varying degrees of distinction
in the overall shape and overlap of the allele-length dis-
tributions. Overall, the distinctive STR allele-distribu-
tion patterns occur in a region that extends at least from
D17S1325 through D17S1328. Small effects of uncer-
tain significance may be evident at much greater dis-
tances, as indicated by the slightly skewed pattern ob-
served for the biallelic polymorphism at EDH17B2 (fig.
3).
RNU2 (D17S1332) Repeat Polymorphism Patterns and
Associations
Acrylamide-gel analysis of all 275 haplotyped indi-
viduals from the U.S./European group shows that
D17S1332 conforms mainly to the homogeneous intra-
array pattern, with some detectable variation, including
forms that show striking associations with rare haplo-
types of biallelic markers. The RNU2 locus is composed
of an array of 6 to 130 tandemly repeated 6.1-kb units,
with each unit containing one copy of the 188-bp U2
snRNA gene (Westin et al. 1984; Pavelitz et al. 1995).
The D17S1324 STR corresponds to the dinucleotide ar-
ray (CT)∼70 that lies within each RNU2 unit between
nucleotides 5380 and 5521 as numbered in GenBank
U57614. Intra-array variation of the D17S1324 STR is
frequent in humans, apparently because the mechanism
that maintains near-homogeneity of the unit elements in
each RNU2 array is outpaced by the very high rate of
mutation of the D17S1324 STR (Liao and Weiner
1995). In contrast, all the elements of a single array are
generally homogeneous for base-pair or small insertion/
deletion (indel) polymorphisms (Liao et al. 1997). The
D17S1332 STR polymorphism (Bennett-Baker et al.
1996) corresponds to a variable tetranucleotide array,
(CAAA)4 or (CAAA)6, at a location within each RNU2
repeat bounded by nucleotides 490 and 507.
Examples of the different D17S1332 allele patterns
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Figure 2 A, Summary of RNU2–BRCA1 region haplotype struc-
tures observed in a U.S./European sample of 550 chromosomes and
an Asian sample of 68 chromosomes. The number of chromosomes
of each specific type and general class is shown (right). The top line
shows each biallelic site as denoted in table 1 and figure 1. The com-
monly associated sites are indicated by capital letters and downward-
pointing arrows. Diamond shapes and upward-pointing arrows indi-
cate two sets of sites associated in rare haplotypes as described in the
text. In each haplotype string, a “1” indicates the more frequent allele.
Alleles at the common sites are in boldface. B, Summary of sequence
and possible evolutionary relation of haplotypes observed in the U.S./
European sample. Circles representing each haplotype class are not to
exact scale.
are shown in figure 4. The correlation of haplotype I
with (CAAA)6 and of haplotype II with (CAAA)4 predicts
the major allelic PCR product bands for D17S1332 in
268 of the 275 tested individuals and in 543 (99%) of
550 chromosomes. In the majority of these, the observed
band patterns correspond to simple (CAAA)4 or
(CAAA)6 arrays (fig. 4A). However, 48 of the 268 con-
cordant samples showed one additional minor band at
a position 4 bp larger than the (CAAA)6 allelic band (fig.
4B and C). The presence and relative intensity of the
minor band were confirmed in a duplicate experiment,
showing that the variation reflects intra-array hetero-
geneity and is not a result of the random appearance of
artifactual satellite bands of the type often observed with
PCR of STRs (Hauge and Litt 1993). Because the ad-
ditional bands always appeared in marker patterns that
included at least one (CAAA)6 allele, they are likely de-
rived from RNU2 arrays that contain mainly (CAAA)6,
with a small proportion of (CAAA)7 derived from
(CAAA)6 by gain of a single CAAA. Of these 48 cases,
14 appeared to show greater intensity of the (CAAA)7
band compared with the other 34 (compare fig. 4C with
4B), indicating a relatively higher (CAAA)7:(CAAA)6
unit ratio. Notably, these 14 cases included all 13 in-
dividuals with the rare form of the polymorphism at site
P in exon 11 of BRCA1. This demonstrates a strong
correlation between an RNU2-array variant and a site
polymorphism located ∼150 kb distant.
The seven chromosomes with D17S1332 alleles that
are not predicted by the haplotype of major biallelic sites
in the adjacent region include all three occurrences of
haplotype Ig and one of haplotype If. These four chro-
mosomes carry the type I alleles at all sites except for
one or two sites immediately adjacent to the RNU2 ar-
ray, where they carry a type II allele (fig. 2A). In these
four cases, the adjacent RNU2 array is also type II, pos-
sibly consistent with an origin by recombination be-
tween a type I and a type II chromosome. The precise
location of the crossover point is undetermined, because
some observed differences could also result from mu-
tation. The significance of the latter possibility is high-
lighted by the second If chromosome as well as the single
IIc chromosome, in which the status of site A, which is
immediately adjacent to RNU2, indicates a possible re-
combination breakpoint (fig. 2A). However, in these two
instances, the distal RNU2-array pattern is consistent
with the status of biallelic sites B–R, suggesting that the
site A difference is due to mutational variation.
The remaining three cases with distinctive D17S1332
alleles provide further examples of associations of rare
RNU2-array patterns with variation at distantly located
sites. Individuals with haplotypes IIb and Ie, both of
which are unique with respect to the pattern of biallelic
sites in the 3′ portion of the BRCA1 gene, also carry
unique RNU2 arrays. The Ie haplotype array (fig. 4D)
is predominantly (CAAA)7, with a small proportion of
(CAAA)6 and, possibly, (CAAA)5; the IIb haplotype car-
ries an RNU2 array (fig. 4E) consisting primarily of
(CAAA)8 units. Finally, the type III chromosome, which
is unlike either type I or type II and appears to be a
mixed aggregate and possible ancestor of these types,
carries an RNU2 array that is unique in that it includes
a near-equal mixture of (CAAA)8 and (CAAA)9, with
small amounts of (CAAA)10 and (CAAA)2 (fig. 4F). In
each of the individuals bearing these rare haplotypes and
RNU2 alleles, the alternate RNU2 allele and the inferred
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Figure 3 Haplotype-specific allele-length distributions for markers in the vicinity of RNU2–BRCA1 as determined in type I and type II
homozygous individuals. The markers are presented in the physical order described in figure 1. For each STR, the most common allele is
designated as “0,” and the nucleotide size difference of other alleles is as indicated. Allele lengths not observed are omitted from the length
axis. For EDH17B2, the allelic forms are the presence () or absence () of the variable BfaI site (Normand et al. 1993). Each distribution
includes data from ∼60 (range 56–62) chromosomes, and the marked units of the vertical axis represent 10 chromosomes.
alternate haplotype appeared to conform to the more
prevalent associations.
Discussion
The unusually strong associations between biallelic
polymorphisms in the region containing theRNU2 array
and the BRCA1 gene define two major haplotypes, with
frequencies of .64 and .33. The two haplotypes are
highly conserved and account for nearly all chromo-
somes in European and Asian populations, which di-
verged ∼100,000 years ago (4,000–5,000 generations).
This high degree of conservation could be due to a mech-
anism specifically suppressing genetic exchange in this
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Figure 4 Representative patterns of RNU2 tetranucleotide (D17S1332) polymorphism. Group A represents the most common homozygous
and heterozygous patterns. Groups B and C contain, respectively, the additional weak or strong (CAAA)7 band. The length of the CAAA array
in both common allelic forms and in the strong additional band was determined by direct sequencing of genomic PCR products or products
reamplified from acrylamide gel–purified bands. Lanes D–F represent individuals with rare RNU2 alleles who also have rare haplotypes of
biallelic sites as described in the text. The number of CAAA repeats corresponding to each observed product band in the very rare alleles is
indicated, made on the basis of a sequence-ladder standard comparison. Direct sequencing of the rare pattern bands has not been done to rule
out changes in the number of other tetranucleotide elements.
region and/or the nonviability of exchange products. The
possibility that viable recombination occurs only be-
tween similar haplotypes seems unlikely, because there
are also strong associations between lower-frequency
variants located at physically distant sites. Examples of
this include haplotypes Id and Ih (fig. 2) and the asso-
ciation of a rare RNU2 array–structure variant with a
rare site in distal BRCA1. If we assume that all these
rare associations are not a result of recent admixture
from isolated homogeneous populations, then their ex-
istence suggests that free recombination does not occur,
even between chromosomes of the same haplotype class.
Complete or nearly complete concordance of alleles
at polymorphic STR or RFLP sites separated by !10 kb
is not unusual (Barker et al. 1984; Lifton et al. 1990;
Sherrington et al. 1991; Normand et al. 1993; McGinnis
and Spielman 1994; Castiglione et al. 1995; Charmley
et al. 1995); however, for sites separated by 100 kb,
conservation of strong linkage disequilibrium is highly
atypical. Studies of large segments in or near human
genes NF1 (Jorde et al. 1993; Valero et al. 1996), APC
(Jorde et al. 1994), and vWF (Watkins et al. 1994) have
detected significant associations, but in most cases these
involve either a lesser degree of correlation than ob-
served in the present study or only a portion of the
examined sites or pairs of sites within a region, or the
associations were not highly conserved in diverse pop-
ulation groups. An extensive review of published dis-
equilibrium reports (Jorde et al. 1994) concluded that
linkage disequilibrium is inversely correlated with phys-
ical distance for distances 150–60 kb and is greatly at-
tenuated as the distance between sites approaches 500
kb. Aside from the MHC locus, which is excluded from
the Jorde et al. (1994) analysis, because of the likelihood
that disequilibrium there is influenced by selective forces
(Begovich et al. 1992; Gyllensten and Erlich 1993), only
the NF1 locus (Jorde et al. 1993, 1994), located prox-
imal to BRCA1 on chromosome 17q, has properties that
approach those of the region described here. For all pair-
ings of RFLP sites within a region ∼80 kb intragenic to
NF1, r values of .98–1.0 were found in both Utah CEPH
(northern European) and non-Utah CEPH (Venezualan)
populations. Also at NF1, an r value of .82 was observed
between sites located 340 kb apart in the Utah CEPH
sample (168 chromosomes). However, the r value for
the same pair of sites in the non-Utah CEPH sample (48
chromosomes) was .83, indicating the predominance
of an alternate haplotype in a different population
group. For the RNU2–BRCA1 region, the r value for
the most distantly located (∼175 kb) non-STR sites A
and R (fig. 1) is .97 in the U.S./European group (550
chromosomes) and 1.0 in the Asian sample (68 chro-
mosomes). Within this region, associations with r values
in the range of .95–1 are found for all pairs of common
sites in both the U.S./European sample and the Asian
sample, consistent with the inference of nearly complete
haplotype conservation, even in highly divergent pop-
ulations. STR data for D17S1332 in the U.S./European
group indicate that the region of strong association in-
cludes the entire variable-length RNU2 locus, with a
range of ∼37 to 1200 kb. This is supported by the report
by Liao et al. (1997), demonstrating strong association,
in non-African populations, of sites located at the ex-
tremities of the RNU2 array, including site A (table 1and
fig. 1). The BRCA1 90565 data indicate that the 33-kb
segment between site R and the location of this STR in
the intergenic region between the 3′ end of BRCA1 and
the neighboring RHO7 gene (Smith et al. 1996) also has
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significantly reduced recombination, so that the total
length of the involved region is250 kb and completely
spans at least four nonoverlapping transcriptional units
(fig. 1).
Direct evidence that regions of high disequilibrium are
maintained by recombination suppression has been ob-
tained at the MHC locus that represents the extreme
case of linkage disequilibrium in the human genome. For
the highly polymorphic HLA DQ1 andDR1 sites, which
are separated by 80 kb (Cullen et al. 1997), only a small
proportion of the potential haplotypes have been found
in any population, although the relative prevalence of
haplotypes is variable in different ethnic groups (Gao et
al. 1991; Doherty et al. 1992). If selective forces are
involved in maintaining this high disequilibrium (Be-
govich et al. 1992; Gyllensten and Erlich 1993), they
may also have resulted in the evolution of mechanisms
that affect recombination rates in specific regions. For
the DQ1–DR1 region and adjacent segments of the
MHC locus, CEPH reference families have been studied
to determine the locations and frequencies of observable
recombination events, and the results are consistent with
the regions of relatively high and low disequilibrium
(Martin et al. 1995; Cullen et al. 1997; Malfroy et al.
1997). Although similarly detailed analyses are not yet
available for the RNU2–BRCA1 region, it is notable
that, in the extensive search for recombinant chromo-
somes to refine the location of BRCA1, the meiotic
breaks reported generally involved markers no closer
than 0.5–1 Mb (Albertsen et al. 1994; Tonin et al. 1994)
and that the closest documented meiotic breaks (Neu-
hausen et al. 1994) involved markers D17S1325 and
D17S1321 (D17S1146), which appear to lie outside the
region where recombination suppression is most
extreme.
Overall, the STR marker-allele distributions associ-
ated with each of the two major RNU2–BRCA1 hap-
lotypes support the hypothesis that several of these loci
have evolved within a zone of complete recombination
suppression. For these loci, the haplotype-specific allele-
length distributions are best explained by founder effects
and mutational histories specific to each class of hap-
lotype. STR markers are believed to evolve by relatively
frequent mutation most often involving gain or loss of
single-repeat units, caused by “replication slippage”
(Weber and Wong 1993), and the probability of muta-
tion increases with the length of the tandem array (We-
ber 1990; Brinkmann et al. 1998). For markers for which
the allele-length distributions for types I and II show
little or no overlap, it is likely that the ancestral chro-
mosomes carried different founder alleles at the time of
divergence and that the initial differences and length-
dependent mutation rates resulted in the observed dis-
tinct distributions. This is most apparent for D17S1326
and D17S1327, in which haplotypes II and I, respec-
tively, show a predominant single allele that is much
smaller than the variety of alleles on the alternate hap-
lotype (fig. 3). For markers such as D17S1333,
D17S902, D17S1146, and D17S1185, which show
great allele diversity for type I and type II chromosomes,
normal recombination between these loci and the con-
served segment would explain the similar pattern of al-
leles occurring on both types of chromosomes; it is also
possible, however, that there was little difference be-
tween alleles on the founder chromosomes or that very
fast STR mutation rates have masked any founder-allele
effect. For STRs for which there is an intermediate degree
of overlap in the distributions, it is not yet possible to
assess the contributions of founder alleles, mutation fre-
quency, or the rate of meiotic exchange between the STR
site and the region of suppressed recombination. Because
two STRs displaying haplotype-specific allele distribu-
tions,D17S1332 and BRCA 190565, are located outside
the region containing the biallelic sites assayed by ASO,
these loci appear to define the least-outer bounds of the
region of recombination suppression. However, the pos-
sibility cannot be excluded that STR sites that are located
beyond these points and that do not have extreme hap-
lotype-specific distributions also fall within the region
of recombination suppression.
These findings have an important impact on the in-
terpretation of identity of STR marker haplotypes found
on independently ascertained chromosomes carrying the
same BRCA1 mutation. Figure 3 shows that the poten-
tial variety of different haplotypes of the STR markers
closest to BRCA1 is much less than would be expected
if associations between alleles at different STR sites were
random. Specific associations not evident in figure 3,
between individual alleles of different STR loci, may also
exist, further reducing potential haplotype variability. In
cases in which inferences about the likelihood of com-
mon ancestry are made by STR haplotype analysis, it is
necessary to assess the actual population frequency of
the involved haplotype, to avoid overestimation of the
significance of its cooccurrence with a specific mutation.
Significant revisions are also necessary for attempts to
compute both the time of origin of BRCA1 mutations
found in multiple, apparently unrelated families and ex-
plicit values for the likelihood of common ancestral or-
igin. One such effort (Neuhausen et al. 1996) assumed
a model in which recombination across the BRCA1 re-
gion is similar to the average of the human genome. The
error involved in this assumption results in the under-
estimation of the age of any mutation with a founder
effect, because the deficit of haplotype diversity is in-
terpreted as reflecting a more recent origin. It is notable
that although Neuhausen et al. (1996) proposed
460–1,600 years ago as the time of origin of the BRCA1
185delAG mutation, further studies of additional Jewish
populations (Abeliovich et al. 1997; Levy-Lahad et al.
1436 Am. J. Hum. Genet. 64:1427–1439, 1999
1997; Bar-Sade et al. 1998) establish the origin of the
mutation prior to the geographical dispersion of Jews
that occurred 11,900 years ago—and a true age of
12,000 years. Attempts to calculate the likelihood that
two chromosomes bearing identical mutations have the
same ancestral origin also involve assumptions regarding
mutation rates at the STR loci used for haplotype anal-
ysis, as well as at the site of the mutation, and are sen-
sitive to changes in any of these rates (Neuhausen et al.
1996). For any STR locus, the rate of mutation is
strongly dependent on the initial allele size (Weber 1990;
Weber and Wong 1993; Brinkmann et al. 1998). The
small founder alleles of D17S1327 and D17S1326 ap-
parently have remained quite stable, with little allelic
diversification evident after a long period of human pop-
ulation expansion, and the presumed larger founder al-
leles on the alternate haplotype have engendered nearly
all the variety evident at these loci. Any attempt to use
STR mutation rates as an accurate molecular clock will
require close attention to locus-specific and allele-specific
mutation rates. Similar constraints apply to the estimates
of rates of indel and base-pair mutations affecting gene
function, because DNA structural and sequence context
have an important role in determining the likelihood of
specific mutations (Krawzcak and Cooper 1991, 1996;
Rodenhiser et al. 1996; Krawczak et al. 1998).
The absence of recombinational reassortment at this
locus also raises questions about the evaluation of the
functional significance of rare variants of BRCA1. Al-
though the two common haplotypes differ at all of the
common sites described here, and probably at many
other known (Couch et al. 1996) or as yet undetected
sites, there does not appear to be any major distinction
in cancer susceptibility associated with the totality of
this class of differences (Dunning et al. 1997). However,
numerous rare sequence variants are very likely to exist,
and epidemiological studies could establish associations
with disease susceptibility. For example, Newman et al.
(1998) found a low-frequency variant in the BRCA1 3′
UTR significantly more often in black women with
breast cancer than in matched controls. In cases such as
this, there is a possibility that one or more additional
sequence differences in strong linkage disequilibrium
with the assayed site and located anywhere within the
region of strong disequilibrium could be involved in
causing the observed effect. This possibility is illustrated
by our finding of rare variants within the RNU2 locus
that are very strongly associated with rare sites or con-
stellations of sites ∼150 kb away, within exon 11 of
BRCA1. Similarly, in cases in which functional evalua-
tion of any specific detected variant by artificial gene
constructs (Humphrey et al. 1997) leads to the conclu-
sion that it has no effect on gene activity, the possibilities
must be considered that the variant is in strong linkage
disequilibrium with a second distantly located sequence
change that does have a functional effect or that the
combination of the tested variant with one or more as-
sociated but undetected sequence differences is etiolog-
ically significant. Such situations could cause apparent
conflicts in the conclusions of epidemiological versus
functional evaluation approaches.
The distinctive properties of the RNU2–BRCA1 re-
gion may provide a significant new tool for studies of
the origin of modern human populations. The theory of
recent human origin in Africa predicts that greater di-
versity of haplotypes from the RNU2–BRCA1 region
will be found in African populations, with a subset of
these being similar to those found in other regional pop-
ulations (Armour et al. 1996; Mountain and Cavalli-
Sforza 1997). However, if non-African populations have
ancestors from more than one founding lineage (Harding
et al. 1997), then the strongly conserved haplotypes in
this region may help to detect those secondary lineages,
serving as one of the required “nuclear loci that allow
us to quantitate subdivisions in the time range of
800,000–150,000 years ago” (Cann 1997, p. 757). In-
deed, for this locus, the extremely low rate of recom-
bination, the traceable accretion of point mutations, and
“slow” and “fast” STR mutation rates offer the possi-
bility of distinct molecular clocks that, with appropriate
characterization, may prove useful for the study of ge-
netic relations between population groups with recent
or ancient common ancestors.
The mechanism and/or functional basis for the ap-
parent recombination suppression at RNU2–BRCA1 re-
mains obscure, although the structural features of this
region, the transcriptional arrangement, and the func-
tion of the BRCA1 gene in meiosis suggest several hy-
potheses. The RNU2–BRCA1 region includes the vari-
able-length RNU2 tandem array, as well as the genomic
duplication that includes the NBR1 and BRCA1 pro-
moter regions. Recombination suppression in and near
large tandem arrays, particularly polymorphic ones, may
be a general phenomenon in complex genomes. Alter-
natively, because the relative sequence homogeneity of
the individual tandem elements of the RNU2 locus is
maintained by a mechanism that operates over all the
elements of an existing array (Pavelitz et al. 1995), it is
possible that genomic elements involved in this mech-
anism may influence the sites of initiation and/or reso-
lution of chiasma in this region. The involvement of the
BRCA1 gene product in genomic recombination and/or
repair (Callebaut and Mornon 1997; Scully et al. 1997),
as well as expression of the BRCA1 gene near the time
of meiosis, as found in mice (Zabludoff et al. 1996;
Blackshear et al. 1998), may be important. Transcrip-
tional activity at the paralogous bidirectional promoters
could prevent recombination, or specific mechanisms
may exist to regulate recombination in regions encoding
proteins directly involved in this process. If so, regions
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with similar properties might occur at the sites of either
genes expressed at the time of meiosis or other repair/
recombination genes. An additional possibility is that
maintenance of the observed associations preserves a sig-
nificant, as yet unrecognized function that requires the
interaction of allele-specific elements that are distantly
located on the same chromosome, as postulated for
HLA. Finally, the observation that the NF1 locus that
is also located on proximal 17q has disequilibrium prop-
erties nearly as extreme as those described here may
indicate the existence of recombination control mecha-
nisms operating at a yet higher level of genome organ-
ization. Further insights into the recombination prop-
erties, genetic functions, and genomic structures in this
and other regions with extreme disequilibrium are
needed to resolve these issues.
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